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Wheat production in subtropical agroecosystems is increasingly challenged by climate-induced stresses such as lodging, terminal heat, and erratic rainfall patterns. This study was conducted during the 2023–2024 rabi season across eight locations, namely, the Borlaug Institute for South Asia (BISA) Research Station at Pusa and seven project hubs located in the districts of Munger, Nawada, Nalanda, Katihar, Purnea, Samastipur, and Vaishali in Bihar, India, and evaluated climate-resilient agronomic strategies to enhance wheat resilience and productivity. A randomized block design with 20 replications was used to assess the interactive effects of tillage practices [conventional tillage (CT), zero tillage (ZT), and permanent raised bed (PRB)], sowing times (early vs. timely), and wheat varieties (HD2967, DBW187, and DBW316) on crop performance. Results indicated that PRB and ZT strategies significantly (p < 0.05) reduced (80%–90%) risk of lodging and increased (15%–25%) wheat grain yield compared to CT. Furthermore, early sowing (first fortnight of November) and the use of lodging-resilient varieties of HD2967 and DBW187 reduced crop lodging, improved crop performance, and increased wheat grain yield compared to late sowing (second fortnight of November) and the DBW316 variety, respectively. Correlation and regression analysis studies exposed a weak positive correlation between yield and wind speed (r = 0.133) and a stronger positive correlation effect with rainfall (r = 0.342) during early-sown crops, with stepwise regression indicating yield gains of 0.32 t/ha and 1.15 t/ha under optimum wind speed and rainfall, respectively (r = 0.68). In contrast, late sowing exhibited negative correlations, with yield declining by 0.39 and 0.12 t/ha under aberrant wind and rainfall conditions, respectively (r = 0.52). The study emphasized the significance of adopting climate-resilient agronomic strategies, such as ZT, appropriate variety selection (HD2967 and DBW187), and early sowing, to enhance the sustainability and resilience of wheat production under adverse climatic conditions.
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1 Introduction

Wheat lodging, a major challenge in the agroecological landscape of India, threatens sustainable wheat production by reducing yield (10%–50%) and quality. Climate change intensifies this challenge, underscoring the need for climate-resilient agriculture (CRA) practices to safeguard productivity and sustainability. Optimizing planting methods, selecting suitable varieties, and adjusting planting dates mitigate lodging risks (Khedwal et al., 2023; Sharma et al., 2023). Implementing these CRA strategies in the agricultural landscape can enhance wheat resilience and sustainability in the region of subtropical agroecological landscape, ensuring agri-food security and farmer livelihoods amidst changing climatic conditions (Singh et al., 2023; Lakhani et al., 2024). The Indo-Gangetic Plain (IGP), the largest wheat-growing region in South Asia, allocates approximately 10 Mha in India for wheat cultivation (McDonald et al., 2022). While the Western Indo-Gangetic Plain (WIGP), which achieves higher wheat productivity (Punjab, 4.5 t/ha; Haryana, 4.0 t/ha), outperforms the Eastern Indo-Gangetic Plain (EIGP), encompassing Bihar (2.8 t/ha), Jharkhand (2.6 t/ha), and parts of eastern Uttar Pradesh (3.0 t/ha), the latter faces notable yield gaps due to several factors, including climatic late planting, low-yielding varieties, water and nutrient limitations, and weed infestations (Meena et al., 2024). These factors contribute to a yield gap of approximately 73% in wheat production (Pathak et al., 2003; Jain et al., 2016), which are influenced by climate change impacts, management practices, and resource challenges (Ladha et al., 2003; Meena et al., 2022a). Despite these challenges, lodging remains one of the most critical and unavoidable consequences of environmental stress, leading to a yield reduction of 20%–50% (Rehman et al., 2024; Rempelos et al., 2020; Hasanain et al., 2024). Wheat lodging, caused by stem bending or breaking under grain weight, is influenced by factors like rain, wind, weak stems, and poor root growth (Jinger et al., 2023; Zhang et al., 2017). Varietal traits, sowing timing, and crop establishment methods are crucial, requiring effective management for sustained productivity (Shah et al., 2019; Meena et al., 2022b). This not only makes the work of harvesting difficult but also results in yield loss of up to 80% (Niu et al., 2016a), reducing the quality of grains (15%) and increasing vulnerability to diseases (Martínez, 2021; Shah et al., 2019).

Nowadays, the intensive use of agricultural resources has led to significant degradation of agroecosystems (Choudhary et al., 2022; Hasanain et al., 2025; Meena et al., 2024). Nations worldwide are striving to achieve sustainable agri-food production growth while preserving and enhancing natural resources responsibly (Foley et al., 2011; Jat et al., 2020). Subsequently, it is critical to develop modern solutions that enhance crop yield while avoiding adverse cultivation practices such as intensive tillage, low-yielding varietal selection, delayed sowing windows, and excessive input usage for wheat production (Hasanain et al., 2024; Meena et al., 2024). Failure to consider these factors threatens ecosystem services and develops the risk of lodging, further endangering agricultural sustainability (Foley et al., 2011).

Intensive tillage methods like conventional tillage (CT) are commonly used to enhance soil aeration, control weeds, and promote early crop growth in wheat production (Lal, 2015). However, CT is energy-intensive and time-consuming, as it requires repeated ploughing, which can delay soil preparation and shorten the window for timely wheat sowing (Hasanain et al., 2025). Moreover, under changing climatic conditions, particularly increased and unpredictable precipitation, land preparation using CT becomes more challenging (Koskey et al., 2022). This also shortens crop growth periods, as the soil disturbance and compaction delay root establishment and reduce the soil moisture retention, thus limiting the time available for optimal growth (Meena et al., 2022c; Parewa et al., 2022; Das et al., 2025). Furthermore, it raises the cost of cultivation due to the increased labor, fuel, and equipment required for multiple tillage operations compared to CT methods (Pittelkow et al., 2015; Hasanain et al., 2025). Furthermore, it decreases the stability of the soil structure by breaking the soil aggregates and forming a compact layer beneath the plough layer, which hinders root growth and penetration (Meena et al., 2022b). It leads to deprived root anchorage. Weak root systems make plants more vulnerable to lodging, especially in adverse weather conditions (Gathala et al., 2011; Khan et al., 2019).

Puddled transplanted rice cultivation creates an impermeable hardpan below the ploughing layer (Ladha et al., 2003; Meena et al., 2022a; Das et al., 2025). A combination of puddling and continuous CT for succeeding wheat cultivation results in the formation of a hardpan layer, which negatively affects root growth and enhances the risks of lodging (Sharma et al., 2023; Jat et al., 2021; Ahmad et al., 2021).

Conversely, zero tillage (ZT) and permanent raised bed (PRB) methods are effective solutions for CT. ZT minimizes soil disturbance and retains crop residues on the surface, enhancing soil health, improving water retention, and reducing erosion rates by up to 60% (Pittelkow et al., 2015; Jat et al., 2021; Hobbs et al., 2008). The ZT has expanded widespread support throughout the IGP because of its ability to conserve resources and enhance farm productivity (Jat et al., 2021). By avoiding ploughing, ZT facilitates the earlier sowing of wheat, which can help to better crop establishment and improve yields significantly (10%–80%) compared with the CT method (Gathala et al., 2011; Jat et al., 2020; Koskey et al., 2022). ZT promotes moisture retention (8%–50%) in the soil, decreases weed infestation (10%–30%), and enhances the soil health (Derpsch et al., 2010). Notably, ZT improves root development and growth by evading the formation of hardpans and increasing soil porosity, leading to robust root systems and reducing lodging incidence (Sharma et al., 2019). Research has indicated that ZT wheat in the rice–wheat system leads to higher yields (5%–20%) and profitability (10%–30%) due to early stand and less lodging, and saves fuel (30%–50%), labor costs (20%–30%), and the total cost of cultivation, thus increasing the farmer’s income (Jat et al., 2021; Gathala et al., 2011; Farooq et al., 2011; Alhammad et al., 2023).

The PRB method, which involves planting wheat on beds, enhances input (nutrient and water) use efficiency and reduces weed pressure and crop lodging (Sayre and Hobbs, 2004). RBP also reduces the seed rates and improves nutrient use efficiency (10%–40%) by placing the fertilizers in the root zone, and reduces (10%–30%) the cost of cultivation (Govaerts et al., 2006; Srinivasarao et al., 2023; Fischer et al., 2009; Jat et al., 2020). In addition, the PRB system improves soil aeration and drainage, increasing root strength and reducing the chances of lodging (Kumar et al., 2023).

Choosing strong-stemmed wheat varieties and optimal sowing times prevent lodging, ensuring better crop establishment and increasing yield and resilience to adverse conditions (Rehman et al., 2024; Hossain et al., 2021). However, the benefits are more apparent; implementing ZT faces difficulties such as requiring specialized machinery and high initial costs (Friedrich et al., 2012). However, its long-term advantages, such as improved soil health and reduced rate of soil erosion, justify its merit (Govaerts et al., 2006; Gathala et al., 2011; Jat et al., 2020).

We hypothesized that adopting climate-resilient appropriate planting techniques (PRB, ZT, and CT) will enhance lodging resistance, yield, and resilience in wheat production. Therefore, the objectives of this study were to (i) evaluate how different planting techniques (RBP, CT, and ZT) impact lodging, yield, and resilience in wheat; (ii) assess the influence of planting windows on lodging and productivity in wheat crops; (iii) investigate the effects of wheat variety selection on climate resilience and productivity; and (iv) study root morphology variations under different planting methods to understand their impact on lodging resistance and yield stability.




2 Materials and methods



2.1 Experimental site and design

A large field experiment was conducted at the Borlaug Institute for South Asia (BISA) (25°78’N, 85°67’E, 52.9 aMSL) Pusa, Samastipur, Bihar, India during the rabi season of 2023–2024. The location is situated within the Fourth Agro-Climatic Zone of India and is classified as the “PC2 Middle Gangetic Plain Zone” as per the Fifteen All India Agro-Climatic Zone classifications (Figure 1a). The experiment was designed using a randomized block design (RBD) with 20 replications for each treatment combination to ensure the robustness and reliability of the findings. The objectives were to evaluate the effects of three crop establishment methods of CT, ZT, and PRB. Also, two different sowing windows (07 November 2024 and 28 November 2024) and three wheat varieties (HD2967, DBW 187, and DBW 316) were tested on lodging mitigation and wheat productivity. The experimental plots have been consistently maintained with the same planting techniques since 2014.
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Figure 1 | (a) Experimental site at the research station of the Borlaug Institute for South Asia (BISA). (b) Farm-level experiences from seven project sites across different districts and agro-climatic zones.



To validate the findings at the farm level, data were collected from seven project hubs in Munger (25°37’N, 86°47’E), Nawada (24°88’N, 85°54’E), Nalanda (25°26’N, 85°47’E), Katihar (25°55’N, 87°56’E), Purnea (25°77’N, 87°47’E), Samastipur (25°85’N, 85°78’E), and Vaishali (25°68’N, 85°35’E) districts (Figure 1b). A total of 210 demonstrations were surveyed across these locations to capture the diversity of local agro-ecological conditions.




2.2 Climatic conditions

The climate at the experimental location was described as hot–dry in the summer and cold in the winter. The average annual rainfall was approximately 1,309 mm. In the hottest months of May and June, the average maximum temperature was 35.5°C–40.2°C, whereas the average minimum temperature ranged from 21.3°C to 23.9°C. January is the coldest month of the year, with an average maximum temperature of 17.6°C and an average minimum temperature of 8.9°C. The monthly mean morning relative humidity (RH) ranged from 80% to 97%, while the monthly mean evening RH ranged from 46% to 77%. The monthly mean evaporation rates during the monsoon season (kharif) range from 3.0 to 6.9 mm, and during the winter season (rabi), they range from 0.9 to 2.3 mm (Figure 2).


[image: ]

Figure 2 | Weather parameters during the experimentation period (rabi season).






2.3 Long-term data analysis for wheat lodging and yield loss assessment (2014–2023)

Ten years of data (2014–2023) on wheat lodging and associated yield losses were collected from farmers’ fields across three agro-climatic zones of Bihar: (i) North-West Alluvial Plains, (ii) North-East Alluvial Plains, and (iii) South Bihar Alluvial Plains (Figure 3a) under BISA’s Climate-Resilient Agriculture Project. This long-term data collection aimed to identify trends and address the ongoing issue of lodging in the region’s wheat production.


[image: ]

Figure 3 | (a) Historical trends in wheat lodging incident and yield loss across various agro-climatic zones in Bihar (2014–2023). (b) Crop establishment methods used in the experimental plots: (i) conventional tillage (CT), (ii) zero tillage (ZT), and (iii) permanent raised bed (PRB). (c) Factor affecting wheat production system under different crop establishment methods.






2.4 Crop establishment methods and variety

In this study, three crop establishment methods were practiced: (i) CT, (ii) ZT, and (iii) PRB. The long experiment plots were divided into 20 replications for each establishment method (Figures 3b, c). Commonly, farmers cultivating the wheat variety HD2967 in the local region used it as the tested variety for all methods, sowing it at a depth of approximately 3–5 cm. Moreover, these three crop establishment methods (CT, ZT, and PRB) were implemented in farmers’ fields across different districts in the four agro-climatic zones of Bihar under the Climate-Resilient Agriculture Project (Figures 4, 5). Also, the yield and lodging data were collected and examined in these fields to ensure comprehensive results for different crop establishment methods under different climatic conditions. Owing to sandy soil conditions, the PRB method was not adopted in Zones II and IV (Figure 5). This methodology aims to assess the efficiency of different crop establishment methods in mitigating lodging in wheat production, thus providing fundamental insights for CRA. In this study, we selected the most cultivated wheat varieties (HD2967, DBW187, and DBW316) in the Bihar region. The characteristics of these tested varieties are detailed in Supplementary Table S1.
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Figure 4 | Conceptual and flow diagram of the timeline of management practices for wheat crop.
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Figure 5 | Timeline of management practices during the cropping period for wheat.






2.5 Sowing window

This study evaluated the impact of early and late sowing on lodging under a PRB system, using the HD 2967 wheat variety, which was sown at a depth of 3–5 cm. In the Bihar state, mid-November is generally considered the optimal window for wheat. However, because of the influence of preceding and succeeding cropping systems, as well as local climatic conditions, some farmers adopt early or late sowing practices. These variations in sowing time were specifically examined in this study to assess their impact on lodging susceptibility and wheat performance. In this study, two sowing windows were used: the first fortnight of November (07 November 2024) and the second fortnight of November (28 November 2024), with a 20-day interval between them.




2.6 Management practices

Management practices during the experimental period were meticulously implemented following the guidelines outlined in the BISA Wheat Cultivation Manual (https://bisa.org/download/bisa-annual-report-2022/). A structured timeline of management practices was also adhered to, as illustrated in Figure 5. The management practices encompassed in this study are summarized as follows: It emphasizes specific interventions such as sowing dates, fertilizer application including split doses of nitrogen, comprehensive pest and disease control strategies, seed treatment methods, meticulous irrigation scheduling, and harvesting. These practices are intended to synergistically improve crop yield, health, and overall farm productivity.




2.7 Measurement of wheat growth and yield parameters

Growth and yield parameters of number of productive tillers (m−²), biomass per tiller (g), stem diameter (cm), spike length (cm), spike weight (g), and number of grains per spike and grain yield were recorded per the All India Coordinated Research Project (AICRP) on Wheat and Barley guidelines (Singh et al., 2022). The samples were randomly collected in the net plot area at the time of harvest and analyzed as per the defined procedure.




2.8 Measurement of root parameters

Root parameters were assessed by excavating samples from a 10 cm × 15 cm pit to a depth of 30 cm. The collected root samples were carefully washed under running water to remove adhering soil particles. Root length and volume were determined using the water displacement method, while root dry weight was measured after oven-drying the samples at 65 ± 2°C for 72 h until a constant weight was achieved. All measurements were standardized and expressed per unit area (g/m² for dry weight and cm³/m² for volume).




2.9 Measurement of lodging

Lodging is one of the important consequences in crop production, and its measurement is necessary for assessing its effect on yield. Lodging determination was carried out at the late grain filling stage, corresponding to BBCH 83–85, when plants are most prone to lodging due to canopy weight and weather conditions. The three basic parameters used to assess the extent of lodging are the percentage of lodging, lodging score, and lodging index (Equations 1–4).

The lodged area was measured by visually identifying the portion of the plot where plants were tilted or flat, with a tilt angle greater than 45°. A quadrant (1 m2) was placed in the areas where plants were lodged within the plot. The total lodged area was then quantified based on the proportion of the plot area affected by lodging. This method allowed for accurate and consistent measurement of the lodged area in each treatment plot (Fu et al., 2022).



2.9.1 Percentage of lodging

Percentage of lodging is calculated as:

	




2.9.2 Lodging score

The lodging score is calculated using the formula by Fischer and Stapper (1987). The formula is:

	

where Plot area lodged (%) = (lodged area/net plot area) × 100; 0° angle from vertical = Main stem standing upright; 90° angle from vertical = Main stem laid down horizontally.




2.9.3 Lodging index

The lodging index is calculated using a modified version of the formula provided by Wiersma et al. (1986). The formula is:

	

where Plot area lodged (%) = (lodged area/net plot area) × 100; degree of lodging 0 = Main stem standing upright; degree of lodging 100 = Main stem laid down horizontally.




2.9.4 Yield loss due to lodging

The potential yield loss due to lodging can be estimated by the equation derived by Stapper and Fischer (1990). They assessed that approximately 0.5% of potential yield is lost for each percent area of wheat lodged, averaged over each day of the grain filling period. The formula is:

	

where the grain filling period (T) lasts from days 10 to 50 (generally, 10 days in India) of the 60 days lodging risk period and the potential grain yield of wheat α is taken as 8 t/ha.





2.10 Data analysis

Analysis of variance (ANOVA) used to compare significant differences among treatments, and this is accomplished using F-test providing statistical justification. Significance effect was concluded using a conventional threshold of p < 0.05. Post-hoc analyses, exclusively Tukey’s honestly significant difference (HSD) test, further interpreted specific differences between treatment means. The latest versions of “R Studio and Python” tools were used for actual data analysis to ensure comprehensive assessment of the experimental outcomes. This methodology not only emphasized the impacts of different agricultural practices under lodging but also provided insights into optimizing wheat yield and growth under variable conditions.




2.11 Correlation and regression analysis

The study evaluated the correlation between yield and weather parameters (rainfall and wind velocity) for both early- and late-sown crops using Pearson correlation coefficient, which indicates the strength and direction of these relationships on a scale from −1 to 1.

Additionally, multiple linear regression analyses were conducted using R Studio and Python to quantify the impact of rainfall and wind velocity on wheat yield under lodging conditions. Separate regression models were developed for early- and late-sown crops, providing equations that express the relationships and their predictive capabilities (Equation 5). The regression equations were expressed as follows:

	

where

β0: intercept (constant term)

β1: coefficient for wind speed

β2: coefficient for rainfall

ϵ: error term





3 Results



3.1 Effect of crop establishment on root attributes

Crop establishment methods significantly affected root length, root volume, and root dry weight (Figure 6). A plot using the PRB method recorded the extended root length (26.52 ± 0.53 cm), which was significantly greater than the ZT (22.64 ± 0.58 cm) and CT (17.60 ± 0.37 cm) methods. This resulted in the PRB method effectively influencing the root length and elongation. Data showed that the highest (180.09 ± 4.01 cm³) root volume was observed using the PRB method, followed by ZT (131.16 ± 4.01 cm³) and CT (100.38 ± 2.99 cm³). Similar results were exerted on the root dry weight. The higher root dry weight was recorded in the PRB method (160.96 ± 2.16 g/m2), which proved significant superiority over ZT (138.20 ± 2.05 g/m2) and CT (102.79 ± 1.39 g/m2), with the result representing a significant increase in biomass allocation to roots under the PRB method.
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Figure 6 | Effect of crop establishment methods on root parameters: (i) root length, (ii) root volume, and (iii) root weight.






3.2 Effect of crop establishment on yield attributes

Data showed the maximum number of productive tillers observed under PRB (394.85 ± 22.46/m2), which was significantly greater than that for ZT (371.90 ± 21.15/m2) and CT (337.90 ± 19.95/m2); the results indicated better crop establishment and tillering in PRB followed by the ZT method (Figure 7). Data showed that total biomass per tiller was highest (5.138 ± 0.239 g) at PRB, followed by ZT (5.069 ± 0.239 g), and was lowest at CT (4.947 ± 0.233 g), expressing better plant vigor in the conservation tillage methods. Stem diameter was significantly larger (1.550 ± 0.018 cm) in PRB, which is comparable to ZT (1.492 ± 0.020 cm), and the smallest stem diameter was observed in CT (1.352 ± 0.026 cm), representing more vital structural provision in PRB and ZT methods. The longer (11.69 ± 0.06 cm) spike length was found in PRB, followed by ZT (11.56 ± 0.07 cm), and the shortest spike length was observed in CT (11.12 ± 0.06 cm), whereas the highest (3.422 ± 0.006 g) spike weight was recorded in PRB, which was on par with ZT (3.414 ± 0.010 g), and the lowest spike weight was recorded in CT (3.305 ± 0.017 g). The number of grains per spike was significantly higher (72.110 ± 1.304) in PRB, followed by ZT (68.266 ± 1.137) and CT (63.129 ± 1.279), indicating better reproductive performance in the PRB and ZT systems.


[image: ]

Figure 7 | Effect of crop establishment on yield attributes: (i) number of tillers, (ii) total biomass, (iii) stem diameter, (iv) spike length, (v) spike weight, and (vi) number of grains per spike.






3.3 Effect of crop establishment on yield and yield losses

Among the crop establishment methods, the PRB system produced the highest grain yield (6.26 ± 0.19 t/ha), followed by ZT (5.48 ± 0.19 t/ha) and CT (4.86 ± 0.19 t/ha), highlighting the superior productivity of the PRB method. In contrast, yield loss was significantly lower in PRB (0.42 ± 0.01 t/ha) and ZT (1.04 ± 0.02 t/ha) compared to CT (1.426 ± 0.28 t/ha), highlighting the effectiveness of PRB and ZT in minimizing yield losses under lodging and other adverse climatic conditions (Figures 8, 9).
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Figure 8 | Effect of crop establishment methods: (i) conventional tillage (CT), (ii) zero tillage (ZT), and (iii) permanent raised bed (PRB) on yield and yield losses.
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Figure 9 | Effect of crop establishment methods: (i) conventional tillage (CT), (ii) zero tillage (ZT), and (iii) permanent raised bed (PRB) on lodging indices: (i) lodging score, (ii) lodging index, and (iii) lodging percentage.






3.4 Effect of crop establishment on lodging indices

Results showed that the lodging scores were lowest in PRB (0.92 ± 0.001), followed by ZT (3.16 ± 0.02), and highest in CT (63.47 ± 0.17), indicating better lodging resistance in PRB and ZT. Similarly, the lodging index was significantly lower in PRB (1.00 ± 0.01) and comparable to ZT (3.11 ± 0.02), whereas CT recorded the highest lodging index (60.53 ± 0.17). The lodging percentage also followed the same trend, with PRB showing the lowest lodging percentage (2.1% ± 0.04%), ZT had intermediate (5.2% ± 0.10%), and CT exhibited the highest lodging percentage (71% ± 1.43%). These results highlight the structural stability of PRB and ZT methods compared to CT (Figures 9, 10).
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Figure 10 | Effect of crop establishment methods: (i) conventional tillage (CT), (ii) zero tillage (ZT), and (iii) permanent raised bed (PRB) on lodging percentage and yield of wheat across different climatic zones in the experimental region.






3.5 Effect of crop establishment methods on lodging and yield across different agro-climatic zones

Data showed that at Zone I, CT had a high (67.02%) lodging and a low yield (4.805 t/ha). ZT reduced lodging to 13.38% (−80%) and increased yield to 5.40 t/ha (+12%). PRB performed best with 3.25% lodging (−95%) and 5.96 t/ha yield (+24%). In Zone II, CT had 65% lodging and a 4.63 t/ha yield. ZT improved these to 11.5% lodging (−82%) and a 5.06 t/ha yield (+9%). In Zone III, CT showed 65.50% lodging and a 4 t/ha yield. ZT reduced lodging to 11.5% (−82%) and increased yield to 5.16 t/ha (+29%). PRB had the best results with 2.3% lodging (−96%) and a 5.74 t/ha yield (+44%). In Zone IV, CT recorded 80% lodging and a 4.56 t/ha yield. ZT reduced lodging to 18% (−78%) and increased yield to 4.95 t/ha (+8%) (Figure 10).




3.6 Effect of varieties on grain yield and yield losses

Data indicated a significant variability in the three varieties of wheat (Figure 11). HD2967 produced a yield of 5.39 ± 0.52 t/ha, while DBW187 yielded 5.43 ± 0.57 t/ha and DBW316 produced 4.51 ± 0.27 t/ha (Figure 11). The statistical comparison between the three varieties demonstrated a highly significant variation. Higher yields of DBW187 and HD2967 depict the efficiency of these varieties under the prevailing agronomic practices, thus indicating their potential for higher productivity. However, yield losses due to lodging were recorded maximum in DBW316 with 1.68 ± 0.68 t/ha.
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Figure 11 | Performance of wheat varieties: (i) HD2967, (ii) DBW187, and (iii) DBW316 on (i) grain yield and (ii) yield losses.






3.7 Lodging of wheat varieties

Data showed that the lodging score of HD2967 was 11.449 ± 0. 372, while DBW187 had a score of 9.376 ± 0.308, and DBW316 had the highest score at 79.619 ± 0.400. The lower lodging score in HD2967 and DBW187 compared to DBW316 indicates better plant stability and, thus, better grain yield. The lodging index values also had variations that were statistically different. The lodging index of HD2967 was 10.755 ± 0.206; for DBW187, it was 8.440 ± 0.111, and the highest was DBW316 at 74.852 ± 0.648 (Figure 12).
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Figure 12 | Lodging indices influenced by various wheat varieties: (i) HD2967, (ii) DBW187, and (iii) DBW316, including (i) lodging score, (ii) lodging index, and (iii) lodging percentage.



Data showed that lodging percentage for HD2967 was 11.055% ± 0.233%, that for DBW187 was 10.780% ± 0.232%, and that for DBW316 was 75.055 ± 0.885%. These lodging percentages enhance the better lodging resistance of HD2967 and DBW187, reflecting their structural advantages and flexibility.




3.8 Influence of different sowing windows on yield and yield losses

In this study, wind speed (km/h) and total rainfall (mm) were recorded during early and late sowing periods for each wheat growth phase. These data were used to construct a model estimating yield losses based on lodging levels (Figure 13). The yield of the early-sown crop was substantially higher than that of the late-sown crop (Figure 14). Data indicated that higher yield was produced when the crop was sown early (5.88 ± 0.071 t/ha) than the late-sown crop (5.16 ± 0.083 t/ha). Despite this, the yield losses were found to be significantly higher in the late-sown crop at 0.53 ± 0.004 t/ha than in the early-sown crop at 1.41 ± 0.003 t/ha. The late-sown crop in the season also received higher wind speeds and heavy rainfall at the maturity stage, leading to more lodging and yield reduction.
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Figure 13 | Effect of wind velocity and rainfall incidents on different growth stages: (i) germination, (ii) seedling, (iii) tillering, (iv) stem extension, (v) heading, (vi) flowering, (vii) grain filling, (viii) ripening, and (ix) maturity for the early and late sowing wheat crop periods.
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Figure 14 | Influence of different sowing windows on (i) yield and (ii) yield losses of wheat crop.






3.9 Influence of different sowing windows on lodging indices

Results showed that the lodging score for the early-sown crop was 2.07 ± 0.017, whereas the late-sown crop recorded a significantly higher score of 3.31 ± 0.019 (Figure 15). The lodging index was lower for the early-sown crop, which was 2.29% ± 0.020%, whereas for the late-sown crop, it was 3.60% ± 0.023%. The lodging percentage was significantly lower in the early-sown crop (3.54% ± 0.057%) than in the late-sown crop (5.15% ± 0.069%).
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Figure 15 | Effect of sowing windows on lodging indices: (i) lodging score, (ii) lodging index, and (iii) lodging percentage.






3.10 Correlation between yield and rainfall/wind speed under the early and late sowing window

The correlation analysis revealed a weak positive relationship between wind speed (r = 0.133) and yield, and a stronger positive relationship between rainfall (r = 0.342) and yield during early sowing. In contrast, the late sowing data demonstrated a weak negative correlation between wind speed (r = −0.178) and yield, as well as between rainfall (r = −0.278) and yield (Table 1).


Table 1 | Correlation between yield and wind speed/rainfall.






3.11 Stepwise regression between yield and rainfall/wind speed under the early and late sowing window

The regression analysis for early and late sowing was made to obtain predictive models of the effect of wind speed and rainfall on wheat yield (Table 2). This equation explained that for early sowing, a unit increase of 1 km/h in wind speed results in an increase in yield by 0.32 t/ha, and a 1-mm increase in rainfall results in a rise of 1.15 t/ha in yield. The R² value of 0.18 indicates that approximately 18% of the variation in yield can be explained by wind speed and rainfall. The remaining 82% of the variability in yield is due to other parameters. Results from the stepwise regression model show that, for late sowing, when wind speed increases by 1 km/h, there is a loss of 0.39 t/ha in yield, and each 1-mm increase in rainfall results in a loss of 0.12 t/ha in yield. The R² value of 0.29 indicates that approximately 29% of the variance in yield can be explained by wind speed and rainfall. The remaining 71% of the variability in yield is due to other factors (Table 2).


Table 2 | Stepwise regression between yield and rainfall/wind speed under early and late sowing windows.







4 Discussion



4.1 Impact of crop establishment on root attributes

The study found that crop establishment methods significantly influenced root traits, with the PRB method showing the highest root length, volume, and dry weight, followed by ZT, indicating their superiority over CT in enhancing root development. The root length was longer in PRB and ZT because less soil disturbance increased soil aggregation, reducing the compactness of the soil and giving the roots ample penetration into the soil; it improves uptake and utilization to soil nutrients and water (Cui et al., 2023). Moreover, PRB and ZT methods improve the soil structure and water holding capacity, which is beneficial to root growth and development (Mazzoncini et al., 2011). The increased root volume and dry weight in PRB and ZT suggested that conservation tillage decreases soil compaction and increases the pore space accelerating better root development and biomass accumulation. This strength indicated that PRB and ZT methods improve plant stability and conserve moisture content and nutrient uptake, leading to better crop resilience and productivity under adverse climatic conditions (Ji et al., 2015).




4.2 Impact of crop establishment method on yield attributes

PRB resulted in significant increases compared to CT, with 57 more productive tillers, 0.191 g more biomass per tiller, 0.198 cm higher stem diameter, 0.57 cm longer spike length, 0.117 g higher spike weight, and 8.98 more grains per spike. Similarly, ZT also surpassed CT, with 34 more productive tillers, 0.122 g more biomass per tiller, 0.14 cm larger stem diameter, 0.44 cm longer spike length, 0.109 g higher spike weight, and 5.14 more grains per spike. Higher tiller numbers and biomass in ZT and PRB methods are attributed to improved soil health and enhanced microbial activity under non-tilled conditions (Govaerts et al., 2006; Jat et al., 2020). Larger stem diameter and enhanced spike attributes in these establishment methods are linked to improved plant nutrition and water availability, both critical for optimal crop growth and yield (Hobbs et al., 2008). This is supported by Zhang et al. (2017), and studies have shown that conservation tillage methods, by conserving soil moisture and enhancing nutrient cycling, promote more vigorous plant growth and greater yield potential. The increased number of grains per spike in ZT and PRB methods suggests favorable conditions during pollination and grain filling, critical stages for yield enhancement (Liu et al., 2022).




4.3 Impact of crop establishment methods on yield and yield losses

The PRB method resulted in a 29.1% higher grain yield compared to CT, and ZT had a 13.7% higher grain yield than CT. Regarding yield loss, PRB and ZT found a lower yield loss of 97.1% and 92.8%, respectively, compared to CT. The grain yield under the ZT and PRB methods was significantly higher compared with CT, reflecting the positive impacts of conservation tillage practices in enhancing moisture and nutrient availability (Hobbs et al., 2008). In fact, the grain yields observed in both PRB (5.96 t/ha) and ZT (5.40 t/ha) methods were notably higher than the average global wheat yield of 3.1 t/ha reported by FAO (2024), further emphasizing the effectiveness of these conservation tillage methods. The yield losses were significantly lower under the ZT and PRB methods, which play a beneficial role in minimizing adverse impacts from unfavorable climatic conditions. This could be attributed to conservation tillage, which improves soil moisture retention and reduces evaporation losses, influencing robust root growth and higher yield stability in adverse climatic conditions (Thierfelder and Wall, 2009; Yadav et al., 2024). Likewise, the higher yield stability and lower yield losses in ZT and PRB systems could be ascribed to their ability to retain higher soil organic content and better soil structure, which enhance root growth, sturdy stems, and crop resilience under stress conditions. These findings were corroborated by Verhulst et al. (2010) and Corbeels et al. (2016).




4.4 Impact of crop establishment methods on lodging indices

Lodging indices were significantly lower in the PRB and ZT establishment methods compared to CT (Figures 16, 17). PRB recorded the lowest lodging score (0.92), followed by ZT (3.16), both markedly better than CT (63.47). Similarly, the lodging index and percentage were lower in PRB (1.00, 2.1%) and ZT (3.11, 5.2%) compared to CT (60.53, 71%). These results highlight greater lodging resistance in conservation tillage practices compared to CT. This may be attributed to reduced soil compaction under conservation tillage, which promotes stronger root systems and enhanced stem strength, thereby reducing the risk of lodging due to weak root anchorage and stem breakage (Pinthus, 1974). The findings are reliable with the Bai et al. (2022) experiment, which found that conservation tillage enhances root biomass and length, providing better support for the plant and thus minimizing its susceptibility to lodging. Furthermore, the greater diameter of the stem found in PRB and ZT indicated that these methods promote stronger stems and reduce lodging risks (Berry et al., 2004).
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Figure 16 | Effect of crop establishment methods: (i) conventional tillage (CT), (ii) zero tillage (ZT), and (iii) permanent raised bed (PRB) on lodging percentage and root parameters: (i) root volume and (ii) dry weight.
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Figure 17 | Impact (graphic view) of crop establishment methods: (i) conventional tillage (CT), (ii) zero tillage (ZT), and (iii) permanent raised bed (PRB) on lodging.






4.5 Impact of wheat varieties on grain yield and yield losses

Across the wheat varieties (HD2967, DBW187, and DBW316), significant variation was observed due to genetic and agronomic factors. HD2967 (5.39 t/ha) and DBW187 (5.43 t/ha) outperformed DBW316 (4.50 t/ha) in terms of lodging resistance. This can be attributed to their high yield potential, strong lodging and disease tolerance (especially rust), and optimal maturity period, which enable them to effectively utilize the growing season (Sharma et al., 2023). Similarly, the high yield of DBW187 is in line with its genetic makeup of heat and drought tolerance, which allows it to produce a good yield even under unfavorable weather conditions (Singh et al., 2020). Lodging caused significant yield losses, amounting to 1.668 t/ha for DBW316, 0.308 t/ha for HD2967, and 0.244 t/ha for DBW187. The higher yield loss in DBW316 can be attributed to its poor lodging resistance, which leads to greater crop damage and reduced grain yield. This finding aligns with existing literature, as varieties with high lodging susceptibility often experience greater yield reductions due to physical damage and impaired growth caused by lodging (Verma et al., 2022). HD2967 and DBW187, with lower yield losses, prove that their structural and genetic characteristics efficiently manage yield stability where there is such stress as lodging (Khan et al., 2025). These results emphasize the importance of integrating lodging resistance into high-yielding wheat varieties to ensure sustainable production (Gupta and Seth, 2007).




4.6 Impact of wheat varieties on lodging indices

Data showed that HD2967 (11.449 ± 0.372) and DBW187 (9.376 ± 0.308) had a significantly lower lodging score, in comparison with the DBW316 (79.619 ± 0.400). The modest susceptibility of HD2967 to lodging demonstrates that the good straw strength of HD2967 provides evidence against lodging (Figures 18, 19). However, it has been enhanced by precise agronomic practices such as optimum plant density and effective nutrient management (Gupta and Seth, 2007). The low lodging score of DBW187 implies that it has a strong stem and better standing ability, thus making it less susceptible to lodging even under adverse conditions (Singh et al., 2024). Conversely, DBW316 has a high lodging score indicating its susceptibility to lodging, particularly in areas with poor drainage or heavy rainfall and wind speed, which can negotiate its structural integrity and grain yield (Verma et al., 2022). The lodging index results also support lodging scores, revealing the significant variation in lodging resistance. HD2967 and DBW187 had lower values, showing the better lodging resistance of the two varieties. The lodging index measures a variety’s ability to withstand physical stress without incurring considerable yield loss. The low lodging index of DBW187 and HD2967 proves its genetic strength and structural support for lodging resistance, which is helpful for environmental conditions with lodging problems. In contrast, the high lodging index of DBW316 shows that the variety is prone to lodging and needs improvement in its structure traits and lodging resistance (Khobra et al., 2019; Singh et al., 2024). The lodging percentage, which is a significant indicator of the proportion of plants affected by lodging, also confirms the sturdiness and robustness of HD2967 and DBW187. The lodging percentage of HD2967 and DBW187 was significantly lower than that of DBW316. These lodging percentages represent structural characteristics and resistance against lodging of HD2967 and DBW187, which are crucial in reducing the impact of lodging on the yield (Singh et al., 2020). The high percentage of the lodging index of DBW316 could be an area of concern, and a focus on breeding program is needed to improve its resistance and suitability for high yield in lodging-prone environments (Sharma et al., 2023).
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Figure 18 | Aerial view of the impact of wheat varieties on lodging due to adverse climatic incidents.
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Figure 19 | Photographs representing the impact of sowing windows on lodging at maturity of wheat.






4.7 Impact of sowing windows on yield and yield losses

The present findings also revealed that the early-sown crop produced a significantly higher yield (5.883 t/ha) than the late-sown crop (5.116 t/ha), which also supports the notion of early sowing for better crop productivity. Sowing seeds early in the season helps plants develop during optimal weather conditions. Therefore, crop produces healthier and more vigorous vegetation. During the grain filling and maturity stage, early-sown crop was faced with moderate wind speeds of 7.2 and 11.7 km/h, respectively, and a lower amount of rainfall of 1.2 and 0.0 mm, while the late-sown crop received higher wind speeds of 9.4 km/h during grain filling and 23.55 km/h during the maturity stage and a rainfall of 2.4 mm during the grain filling stage and 42.8 mm during the maturity stage. These conditions can worsen lodging because of increasing physiological stress on the plants. This stability is essential for achieving optimum yield, as supported by Adel and Carels (2023), who proved that crops established under a favorable environment produce optimum yield. The late-sown crop faced comparatively adverse conditions, especially during the ripening and maturity stage, with high wind speeds of 12.2 km/h during ripening and 23.55 km/h during maturity, and a rainfall of 42.8 mm during maturity increased the crop’s lodging and yield losses. Conversely, the early-sown crop experienced relatively lower wind speeds (9.9 km/h during ripening and 11.7 km/h during maturity) with no rainfall, which helps them escape lodging during these critical stages and decreasing the risk of lodging and yield losses. Studies by Gao et al. (2022) and Zhang et al. (2017) supported the strategy of the early-sown crop, which is less likely to be exposed to high wind speeds and heavy rainfall during the maturity and reproductive stage, thus minimizing crop lodging and yield losses, as emphasized by Thierfelder and Wall (2009).




4.8 Impact of sowing windows on lodging indices

Lodging indices, such as lodging scores, lodging index, and lodging percentage, show that the early-sown crop has higher lodging resistance than the late-sown crop (Figures 18, 19). The lower lodging score found in the early-sown crop was 2.18, and the higher score in the late-sown crop (3.39) indicates that the early-sown crop was less susceptible to lodging. This may be attributed to the more favorable climate condition for better crop establishment in the early-sown crop, thus allowing for sturdy stem and profuse root development. Berry et al. (2004), for instance, prove this by revealing that lower wind velocity and lower rainfall in early development stages improve stem strength and minimize the chances of lodging. Early-sown crops have a high degree of stem strength and plant robustness, making them less prone to lodging compared to late-sown crops (Fischer and Edmeades, 2010; Xiao et al., 2022). Likewise, early-sown crops exhibited a significantly lower lodging index (2.2885) compared to late-sown crops (3.5935); this lower lodging index was attributed to favorable climatic conditions during critical growth stages, such as moderate wind speeds and minimal rainfall during grain filling and maturity stages, as observed by Wang et al. (2015) and Shah et al. (2019). These conditions enhance lodging resistance and provide higher crop stability. Moreover, Zhang et al. (2017) and Liu et al. (2022) explained the detrimental effect of high wind speeds and rainfall during maturity on lodging risks in late-sown crops, which naturally experience adverse weather conditions at this stage. Regarding the lodging percentage, early-sown crops showed significantly lower lodging percentages, such as 3.54%, compared to late-sown crops with 5.15%, highlighting the benefits of early sowing in reducing lodging incidence. This advantage arises due to early-sown crops experiencing milder conditions during the maturity stage, such as lower wind speeds (11.7 km/h) and no rainfall, whereas late-sown crops face adverse weather conditions, such as a high wind speed of 23.55 km/h and a heavy rainfall of 42.8 mm during the maturity stage. These unfavorable weather conditions increase lodging risks in late-sown crops, as supported by findings emphasizing the importance of timely sowing in mitigating lodging (Zhang et al., 2020; Ali et al., 2016). Early sowing not only reduces lodging but also boosts overall crop growth and sustainable productivity.




4.9 Correlation between yield and rainfall/wind speed under the early and late sowing window

The correlation analysis of wind speed and rainfall with yield shows a weak positive relationship with wind speed (r = 0.133) and a strong positive relationship with rainfall (r = 0.342) during early sowing. These positive correlations suggest that moderate wind speeds and slight rainfall during the early growth stages can enhance crop yield. This finding is consistent with recent studies that have shown that moderate environmental conditions can improve wheat growth and development (Niu et al., 2016b; Kong et al., 2022). Late sowing data show a weak negative correlation between wind speed and yield (r = −0.178), as well as between rainfall and yield (r = −0.278). This indicates that increased wind speeds and higher rainfall during later growth stages negatively impact yield. This observation aligns with recent research indicating that adverse weather conditions can reduce crop yield (Williams and Diepeveen, 2019).




4.10 Stepwise regression between yield and rainfall/wind speed under the early and late sowing window

A stepwise regression model between yield and rainfall/wind speed under different sowing windows was developed. The data revealed that for the early-sown crop, each unit increase in wind speed increases yield by 0.32 t/ha, and each unit increase in rainfall increases yield by 1.15 t/ha (Figure 20). These findings imply that early-sown wheat crops benefit from moderate wind and rainfall, which likely support better pollination, nutrient uptake, and growth conditions, ultimately leading to higher yields (Rehman et al., 2024). Moreover, early-sown crops complete their life cycle before the onset of severe weather conditions, thus escaping the adverse effects that can lead to lodging. Regarding late-sown crops, the equation reveals that for each unit increase in wind speed, the yield decreases by 0.39 t/ha, and for each unit increase in rainfall, the yield decreases by 0.12 t/ha (Figure 20). During the maturity stage of late sowing, the regression analysis highlights the significant reduction in yield caused by high wind speeds and heavy rainfall. The high wind speed (23.55 km/h) and substantial rainfall (42.8 mm) during the maturity stage led to a significant yield penalty in the wheat crop. These adverse weather conditions at the maturity stage led to a significant decrease in yield. Lodging caused by high winds can bend or break the wheat stems, making harvesting difficult and reducing grain quality. Similarly, heavy rainfall can exacerbate these effects and increase the risk of fungal infections, further decreasing the overall yield (Li et al., 2018). Late-sown crops, therefore, suffer from these severe conditions that the early-sown crops avoid by completing their life cycle earlier (Feng et al., 2023).
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Figure 20 | Effect of wind speed and rainfall on yield of early-sown and late-sown crops.







5 Conclusion

This study underscores the critical impact of lodging on wheat production and emphasizes the need for effective strategies to mitigate its adverse effects (Figure 21). The adoption of the PRB method produced the highest grain yield, with an average of 6.263 t/ha (+15%), compared to that of CT of 4.86 t/ha. Additionally, PRB significantly reduces (18%) lodging compared to CT. ZT also shows promising results, improving yield by 10% and reducing lodging by 12% compared to CT. Among the varieties tested, HD2967 and DBW187 exhibited the lowest lodging score, 20% better than the DBW316 variety, indicating superior resilience under adverse conditions. Early sowing further enhanced yield potential, reducing yield losses by 14% and lodging by 15% compared to late sowing. Overall, it is recommended that wheat-cultivating farmers in subtropical India adopt the PRB or ZT method, use HD2967 and DBW187 varieties, and practice early sowing to maximize yield and minimize lodging impacts under adverse climatic conditions.
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Figure 21 | Climate-resilient wheat production strategies.
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